The isolation of yeast centromeres has provided the opportunity to describe the molecular structure of chromosome attachments to the mitotic spindle. Nucleolytic probes of chromatin structure and analysis of genetically altered centromeres have been used to determine the primary sequence and positional requirements for assembly of this chromosomal domain into a functional unit. Structural analysis of the centromere in wild-type and mutant strains provides the first indication of specific proteins associated with centromere DN A in vivo.
Introduction
T he ability to assemble genetic elements in vitro and to introduce such molecules into living cells has provided a clear view of the genetic requirements for chromosome replication and segregation. Four types of D N A element are essential for the proper maintenance of chromosomes in the budding yeast Saccharomyces cerevisiae. Sequences that are able to autonomously replicate (ARSs) provide entry sites for the cellular machinery of D N A replication. Such sequences are necessary, but not sufficient for faithful chromosome segregation. The centromere sequence (CEN) provides the attachment site to the mitotic apparatus, and together with ARSs promotes very accurate chromosome segregation. Gene sequences lie along the length of the chromosomal arms, and telomeres are necessary for stabilizing the ends of linear molecules. T he D N A composition of these elements is well defined and quite accessible to genetic manipulation.
T he centromere consists of three D N A elements C D E I, II and III as shown in Fig. 1 . These elements are characterized by two short regions of conserved D N A (I and III, 8 and 25 bp respectively) separated by an AT-rich element II (^9 0 % A + T ) , that ranges from 78 to 86 bp (Fitzgerald-Hayes et al. 1982; Hieter et al. 1985) . C D E III is positioned at the center of a centromere core particle that encompasses 200-250bp of chromatin D N A (Bloom and Carbon, 1982) . T h is core particle is slightly larger in size than the nucleosomal subunit (160 bp) which constitutes the bulk of the chromatin D N A in yeast and all other eukaryotes. The core particle is flanked by ordered arrays of nucleosomal subunits, which may serve (Fitzgerald-Hayes et al. 1982; Hieter et al. 1985) . The consensus for C D E I (8 bp) and III (25 bp) are in bold print; CD E II is the sequence of element II from CEN3. CD E II ranges from 78-86 bp in length and is greater than 90 % A + T in all 11 centromeres. CD E II is represented as a two-dimensional projection of the double helical axis as calculated by the wedge model program (Eckdahl and Anderson, 1987) . u denotes purine. N denotes positions with a variable nucleotide.
to delineate this structural domain along the chromosome. T he sequence require ments for the core structure correspond to those for centromere function. Mutations in C D E III have the most dramatic effect on centromere function (McGrew et al. 1986) . A single base mutation in the central C nucleotide of C D E III that eliminates function eradicates the protected core (Saunders et al. 1988) . T h u s the structure, as delineated by nuclease digestion, is correlated with in vivo centromere function.
Restriction analysis of centromeric chromatin provides the opportunity to quantitate structural deformities in mutated centromeres and/or centromeres in mutant host strains. Restriction enzyme sites within the centromeric D N A are refractory to endonucleolytic cleavage of the chromatin D N A . These sites are accessible to digestion in centromeres that are not functional and therefore not assembled into the characteristic protected core particle. Quantitation of specific restriction fragments following digestion of high copy nonfunctional centromeres revealed cellular limitations in the availability of centromere binding proteins.
Examination of centromere structure in chromosome segregation mutants has revealed an integral role for histone proteins in maintaining an intact centromeric unit. T he integrity of CEN3 chromatin structure was quantitated in strains in which histone H4 gene expression can be regulated by the exogenous carbon source. Repression of histone H4 results in nucleosome depletion, cell cycle arrest and increased accessibility of centromeric chromatin to restriction digestion. In contrast, topoisomerases I and II are not required for maintaining centromeric structure in yeast. These data provide a view of the structural foundation of centromeric chromatin and the cellular regulation of centromeric components.
Results and discussion
Restriction enzymes as probes of centromeric chromatin structure T he central cytidine residue in the highly conserved, partially symmetric 25 bp C D E III is conserved in all 11 CEN sequences analyzed. T h is degree of conservation suggests an essential function for this nucleotide. In vitro mutagenesis has been used to alter this residue in CEN3, creating a series of point mutations with an adenosine, guanosine or thymidine replacing the wild-type cytidine (M cGrew et al. 1986; Hegemann et al. 1988; Saunders et al. 1988) . T he mutated centromeres are essentially nonfunctional in mitotic stabilization assays, and exhibit disrupted chromatin organization (Saunders et al. 1988) .
We have examined the accessibility of a restriction enzyme site for S a il that lies 3 6 bp from C D E III in wild-type and mutated centromeres. Nuclei from yeast strain J17 containing either wild-type centromeric plasmid (Fig. 2, lanes C Fig. 2 ), indicating the lack of structure associated with such mutants. T he reduced cleavage by S a il in wild-type centromeres reflects the extension of centromeric components at least 38 bp from the conserved nucleotides. These results confirm and extend the D ra l mapping data of cleavage sites in C D E II by Saunders et al. (1988) . T he use of restriction enzymes as probes for chromatin structure provide a convenient and rapid strategy for determining specific protein-binding domains.
Regulation of centromeric components
Our information on the regulation of centromere components and their assembly into a functional unit have come from the use of a conditional mutation in centromere D N A . T he conditional mutation consists of CEN D N A that lies immediately downstream from GAL1-10, a strong transcriptional promoter which is regulated by a simple carbon source switch. In cells grown on galactose, induction of transcription renders the conditional centromere nonfunctional. Monocentric plasmids containing the conditionally inactivated centromere accumulate to high copy in a small number of cells due to their unequal partitioning between mother and daughter cells at each division (Hill and Bloom, 1987) . Upon activation of the centromere following carbon source switch, equal plasmid segregation (as occurs in their wild-type counterparts) should be restored. T he cellular consequences of pre-loading cells with high-copy nonfunctional centromeres and turning them on are dependent on the availability of mitotic components, including centromere binding proteins and the spindle appar atus, as well as the mechanism of centromere assembly and disassembly during the division process. Futcher and Carbon (1986) first demonstrated the cellular limitations for extrachromosomal centromeres. T he application of genetic pressure to maintain high copy number of centromere plasmids resulted in cell death. Hill and Bloom (1987) demonstrated that switching cells containing 40-60 copies of nonfunctional centromeres to a centromere functional state results in a population of cells that harbor low copy centromeric plasmids. T he inability to segregate many copies of functional centromeres indicate one or more components of the mitotic apparatus to be limiting in the cell. Lim itations in centromere binding proteins were determined by quantitative restriction m apping of the high-copy nonfunctional centromeres. Yeast cells harbor ing plasm ids with the conditional centromere were grown in media containing glucose or galactose as the sole carbon source. Nuclei were prepared from the 
The effect of nucleosome depletion on centromere structure
We have investigated the role of one set of chromosomal proteins directly involved in centromere structure. A series of strains have been developed in which histone synthesis (H 4 or H 2B) has been brought under genetic control Kim et al. 1988) . These strains contain a plasmid with a single histone gene (H 4 or H2B) whose promoter has been replaced with the inducible GAL1-10 promoter cassette.
T he endogenous genes have been genetically modified in order to inactivate their function. T h u s growth of cells on galactose results in expression of the regulated histone gene, and switching cells to glucose fesults in its repression. Han e ta l. (1987) have used this strategy to investigate the precise role of histones in nucleosomal formation, cell cycle control and gene expression. We have examined the structure of the centromere following repression of histone H4. Nuclei prepared from strain U K Y403 (H 4 regulation) were grown in galactose (G A L ), or switched to glucose Glucose-grown cells contain low-copy, functional centromeric plasmid, while the galactose-grown cultures include a population of cells containing the high-copy non-functional centromeric plasmid (Hill and Bloom, 1987) . Chromatin was digested with D ral (150 U ml-1 T C Buffer, 20mM-NaCl) for 30min at 37°C. Chromatin samples were deproteinized, and the DNA fragments were digested with Sal I. Naked lanes (3 and 6) are DNA samples digested with D ral subsequent to deproteinization and serve as controls for visualization of digestion within the centro meric core (762-810 bp D r a l-S a ll fragments). Equal amounts of DNA from glucose or galactose cultures were electrophoresed on a 1 % agarose gel, transferred to nitrocellulose and hybridized to a 275 bp S a ll-B a m U l radiolabeled probe originating from the S a il site in pG A LC EN 3, and extending towards the centromere. Digestion of the D ral sites located in CDE II is visualized by production of a 762, 776 or 810bp D r a l-S a ll fragment. Molecular weight markers (lanes 1 and 2) indicated in base pairs to the left are DNA fragments with homology to the probe.
those from cells grown in galactose (peak 2, G A L panel, Fig. 4 ). T he increase in intensity of peak 2, representing digestion of the centromeric D ia l sites, was quantitated by laser densitometry scanning. At least one of the three D ral sites located in CEN3 was cleaved in approximately 40% of the CEN3 D N A molecules following incubation with D r a l (300 units m l-1 nuclei). Nucleosome depletion leads to an increase in nuclease sensitivity of centromere chromatin, reflecting extensive unfolding of the centromere core. T h is result suggests that histone proteins may form a structural base for the centromere core. Consistent with the notion of centromeric histones is the dissociation pattern of centromere proteins following salt elution of the chromatin complex (Bloom and Carbon, 1982) . At NaCl concentrations that dissociate histones (0.75-1.25 m ) there is a concomitant disruption of the centromere core, while at lower salt concentrations the centromere remains unaffected. These data suggest that histone proteins may form the underlying structural base for the binding of centromere-specific non histone proteins. (1988) have demonstrated directly that the centromere core particle is structurally autonomous from the adjacent chromosomal arms. A centromere sequence was constructed such that tandem restriction sites reside in the nucleasehypersensitive regions flanking the centromere core. Upon centromere assembly, these restriction sites remain accessible to nucleolytic cleavage. The complex can be excised by restriction digestion, and the structural integrity assayed by nuclease protection. By both an indirect end-labeling mapping strategy and the use of restriction enzymes that recognize sites in C D E II, it was demonstrated that the structure remains intact after release from the flanking chromosomal arms. T h is structural autonomy lends support to the evidence discussed above that the effect of Fig. 5 . Nuclease protection studies of CEN3 in topoisomerase mutants. The topological requirements for centromere structure were examined genetically by mapping the structure of CEN3 in topoisomerase mutants: W303 (W T), RS190 (topi), RS191 (top2) and RS192 (topi, top2) (Brill and Sternglanz, 1988) . RS190 contains a disruption mutation in topi, and was grown at 32°C. RS191 and RS192 contain temperature sensitive mutations in top2 and were grown at the permissive temperature (25 °C) to midlogarithmic growth phase and switched to the restrictive temperature (37°C) for 10-12h. Nuclei were isolated from each strain following the appropriate growth regime. histone repression on centromere structure reflects histone residence at the centro mere, rather than an indirect effect due to the disruption of flanking nucleosome arrays. T he retention of centromere structure on the released D N A contrasts with the general dependency of chromatin structure of transcriptional promoter regions on the torsional state of the flanking domain. Harland et al. (1983) have demon strated that the ability of particular regions to be transcribed is dependent on the superhelical state of plasmid molecules. Certain nuclease-sensitive sites at the 5' end of transcribed genes also display a dependency on the torsional state of flanking D N A (Larson and Weintraub, 1982) . T he topological requirements for centromere structure were examined genetically by m apping the structure of CEN3 in topoisomerase mutants (F ig. 5). Nuclei were isolated from various topoisomerase mutants (to p i, top2, topl,top2) as described in the figure legend and digested with micrococcal nuclease. Purified D N A was restricted secondarily with B a m H l, as described in the legend. A 630 bp CEN 3 fragment abutting the B am H l site and extending toward the centromere in chromosome I II was used to probe centromere structure. A distinct region of nuclease protection is evident in all mutant strains as well as the wild-type control (Fig. 5) . These enzymes are not directly responsible for the maintenance of a D N A structure that is recognized by centromere proteins. The retention of centromere structure following growth of topoisomerase mutants at the restrictive temperature provides evidence that the structure is not sensitive to alterations in another protein involved in chromosome segregation. These data support the notion that structural perturbations of centromeric chromatin in the histone mutant strains (Fig. 4) are likely to reflect specific histone residence at the centromere core. T he structural autonomy of the centromere sequence is likely to be an important factor in the ability of this sequence to provide an attachment site that is resistant to tension incurred during mitosis. Elegant studies by Brinkley et al. (1988) have shown that when the centromeric region is severed from the chromosomal arms in mammalian cells, the kinetochores are not only intact, but are functional, as witnessed by their continued progression through mitotic anaphase. 
Heterologous systems
Centromeres from S. cerevisiae are not capable of imparting segregational capacity in the distantly related organism Schizosaccharomyces pombe. Function of S. cerevisiae centromeres in a heterologous system depends on the binding of chromosomal proteins to heterologous centromeres and their interaction with the mitotic machinery to elicit chromosome segregation. Initial experiments were conducted to test for functional homology in these processes, by searching for proteins from S. pombe that recognize the S. cerevisiae CEN3 D N A . In this regard we have transformed plasm ids containing CEN3 D N A into S. pombe. While these plasmids are mitotically unstable, the structural organization of the chromatin complex would reveal protein binding at the centromere. As shown in Fig. 6 , no indication of specific protein binding to centromeric D N A was observed. Although the micrococcal nuclease digestion pattern seen in the chromatin lanes is almost identical to that seen in the deproteinized control lane (N ), there are several bands whose relative intensity is altered between the chromatin and control lanes. T h is may be the result of nucleosome formation, as seen in the lanes treated with micrococcal nuclease alone. Specific factors that recognize CEN3 are absent in S. pombe, and substantiate the diversity evident in the centromere D N A organization between these species. Considering the diversity of mitosis throughout phylogenetic groups, it is unlikely that any one system will provide a mechanistic view that will be applicable to all other cells. However, a cellular paradigm of building new functions with pre-existing structures certainly justifies the need to solve the structures of mitotic attachment sites in lower as well as higher systems. Functional domains of the mitotic machinery may reside in kinetochores in some systems, or in the spindle pole bodies or centrioles of others. T he yeast S. cerevisiae has proven to be particularly amenable for the study of chromosome segregation, and in particular centromere function, and could represent a primitive form of the mitotic apparatus.
